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The indices of long-time strength (time and strain to rupture) of densely sintered oxide ceramic in the tempera¬ 
ture interval 1400 - 1600°C under loads to 60 MPa are determined. The characteristics of creep and creep rup¬ 
ture are interrelated: irrespective of the size of the crystals in the ceramic and the testing conditions the product 
of the steady creep rate and the time to rupture is a constant, i.e., the strain to rupture is a constant. Therefore, 
the service life of materials can be determined from measurements of the creep rate. 
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The particulars of strain and rupture processes in densely 
sintered oxide ceramic at temperatures to 1600°C, i.e., some¬ 
what above the temperature of the brittle-to-plastic transi¬ 
tion, are examined in [1 - 3]. It is shown in [1] that in the en¬ 
tire temperature interval of the plastic behavior of ceramics 
the main mechanism of deformation is diffusive-viscous 
flow, which can be accompanied by diffusive movement of 
dislocations (climb) and diffusive displacement of crystal 
boundaries. 

As established in [4], a period of nonstationary strain can 
be observed in diffusive-viscous flow of polycrystalline bo¬ 
dies. It results from the local strain from stress relaxation on 
micro defects being added to the flow strain. The micro de¬ 
fects formed under the nonequilibrium conditions of cooling 
of materials from the high temperatures at which they are 
fired. 

When the samples are heated to the testing temperature 
these defects annihilate all the more completely the higher 
the temperature reached. In the course of testing they con¬ 
tinue to annihilate until stationary creep is reached. Nonequi¬ 
librium defects remain in a ceramic in the entire temperature 
interval of its brittle behavior. Then, when a certain degree of 
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plasticity is reached, they are removed via annihilation, a 
process that is thermally activated. Thus, the more the testing 
temperature exceeds the temperature of the brittle-to-plastic 
transition, the lower the content of nonequilibrium defects. 
The contribution of the nonstationary strain to the overall 
rupture strain (strain-to-rupture) decreases. 

The rupture of a ceramic, specifically, in bending, also 
occurs by the diffusion pathway during steady creep (i.e., 
creep at a constant rate) as a result of, first, vacancy forma¬ 
tion in sections of the stretched zone that are tied to the crys¬ 
tal boundaries and then coagulation of vacancies on the 
boundaries [1]. It was found that the strain and rupture pro¬ 
cesses are not the same in different materials and depend on 
the crystal-chemical particulars of their structure [2], It was 
shown for periclase ceramic that the deformation and rupture 
processes are interrelated [3]: the product of the time-to-rup- 
ture and the steady creep rate is a constant and independent 
of the testing conditions (temperature and load) as well as the 
crystal size. 

The present work continues [3] in the context of expand¬ 
ing the range of materials. 

The purpose of the present article is to present the results 
of experiments undertaken to determine the indices of long¬ 
time strength of other densely sintered materials (corundum, 
aluminum-magnesium spinel) as well as to determine the 
particulars of the behavior of polycrystalline ceramic under a 
mechanical load at temperatures to 1600°C. 
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TABLE 1 . Characteristics of the Experimental Samples 


Body index 

Type 

of ceramic 

Predominate 
crystal size, pm 

Apparent den¬ 
sity, g/cm 3 

True porosity. 


Strength in 

bending, MPa, at temperature, °C 


% 

20 

1400 

1450 

1500 

1550 

K-15 

A1 2 0 3 

15 

3.90 

2.5 

150 

70 

56 

52 

50 

K-35 

ai 2 o 3 

35 

3.90 

2.5 

125 

60 

54 

51 

42 

ShP-10 

MgAl 2 0 4 

10 

3.49 

2.5 

150 

35 

22 

18 

15 

ShP-25 

MgAl 2 0 4 

25 

3.50 

2.2 

120 

30 

20 

15 

13 

P-12 

MgO 

12 

3.47 

3.0 

120 

65 

52 

45 

40 

P-25 

MgO 

25 

3.50 

2.2 

105 

60 

73 

62 

55 


The long-time strength was determined at constant 
stresses in the range 5-30 MPa for spinel and 20 - 50 MPa 
for corundum. The particulars of the methods used are pre¬ 
sented in [1,2] and some characteristics are presented in Ta¬ 
ble 1. We note that judging from the data in the table the in¬ 
terval of measurement temperatures (1400 - 1550°C) lies 
somewhat above the brittle-to-plastic transition temperature, 
since here the strength of the materials decreases monoto- 
nically depending on the heating. 

The service life characteristics (time x r and strain s r to 
rupture) were determined from the experiments. Initially, 
their dependences on the testing conditions (load and tem¬ 
perature) for two types of samples differing by the size of the 
crystals were examined. Next, the relation between the char¬ 
acteristics of the rupture process in the materials and the 
steady creep rate s s was determined. 

Judging from [1,2] as well as the experimental results, 
the behavior of each type of ceramic is highly individual. 
This is probably associated with the particulars of their crys¬ 
tal lattice structures. For this reason the data are presented 
separately for each type, after which the general laws of their 
behavior under a load are formulated. The experimental re¬ 
sults for periclase ceramic were also taken into account in the 
analysis [3]. 

Spinel-based ceramic. Both experimental samples 
(ShP-12 and ShP-25) show at temperature 1400°C the lon¬ 
gest time-to-rupture under identical stresses. A large variance 
was observed in the data, which is probably due to the very 
low measured flow deformation. The temperature 1400°C 
probably corresponds to the onset of the brittle-to-plastic 
transition, and here the effect of micro defects is large, espe¬ 
cially for surface defects, which are effective stress concen¬ 
trators. As the fluidity increases with subsequent heating the 
role of the concentrators is not so significant. For this reason 
mainly the results obtained at temperatures above 1400°C 
were taken into account in this work, since they are less sub¬ 
ject to the random effect of uncontrollable defects formed in 
the samples cooling from the firing temperature in a flame 
furnace. 

The time-to-rupture x r versus the applied stress a is pre¬ 
sented in Fig. 1. One can see that in the experimental temper¬ 
ature range the time-to-rupture decreases with increasing 


stress. In logarithmic coordinates the experimental points fall 
on straight lines with the same slope angle, whose tangent 
n « -5 for the two types of samples studied. Therefore, at 
temperatures above 1400°C the mechanism of the processes 
remains constant as a function of temperature. Analytically, 
the function can be expressed in the form t t = A<j", where 
n = -5, A = const and A is determined mainly by the testing 
temperature. We note that the results obtained at temperature 
1400°C, which also all fall on the same straight but with a 
larger slope (n = -8), stand apart from the general depen¬ 
dence. 

The time-to-rupture is a decreasing function of tempera¬ 
ture T (Fig. 2): x r = B exp \-Q/(RT ) |, where R is the gas con¬ 
stant and B = const. The activation energy Q calculated from 
the slope of the straight lines is the same for both types of ce¬ 
ramics and equals approximately 650 kJ/mol (close to the 
activation energy of creep 600 kJ/mol [2]). The results ob¬ 
tained at 1400°C stand apart from the general dependence. 

Corundum ceramic. As in the case of spinel ceramic, the 
longest time-to-rupture for both types of samples (K-15 and 
K-35) under identical stresses is observed at temperature 
1400°C. Similarly, under these testing conditions a large 



5 10 20 a, MPa 



Fig. 1 . Time-to-rupture i r versus the stress a for spinel ceramic 
samples: a) ShP-10; b ) ShP-25. The temperature is indicated in °C. 
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Fig. 2. Time-to-rupture T r versus the temperature T for spinel ce¬ 
ramic samples: a) ShP-10; b ) ShP-25. The load is indicated in MPa. 
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Fig. 3. Time-to-rupture T r versus 
the stress a for corundum ceramic 
samples K-15. The temperature is 
indicated in °C. 


spread in the data was observed for very small measured va¬ 
lues of the flow deformation. Most likely this behavior is as¬ 
sociated with the states of samples only at the initial stage of 
the brittle-to-plastic transition. Apparently, a significant part 
of the measured deformation is associated with relaxation 
processes on micro defects, especially surface defects. It 
should be noted that large-crystal K-35 samples also exhibit 
similar behavior at 1450°C. Another feature of corundum ce¬ 
ramic is the presence of inflections in the time-to-rupture 
versus the stress (in logarithmic coordinates) and versus the 
temperature (in semilogarithmic coordinates); these depen¬ 
dences can be represented only in the fonn of piece-wise li¬ 
near approximations. As an example, the results for the 
time-to-rupture of K-15 samples versus the applied load are 



Fig. 4. Time-to-rupture T r versus the temperature T for corundum 
ceramic samples: a) K-15; b ) K-35. The load is indicated in MPa. 


presented in Fig. 3. It is evident from Fig. 3 that the slope of 
the dependences changes as a function of the temperature 
and load. For example, for stresses below 40 MPa and tem¬ 
peratures 1400 - 1450°C the tangent of the slope angle of the 
straight is n w—1.5, but as temperature increases to 1500 — 
1550°C n becomes n«— 3. On the other hand, for loads 
above 40 MPa at temperatures 1400- 1450°C the index n 
becomes —1.5 or more. 

The change in the behavior of samples under stress very 
close to the ultimate strength and temperatures somewhat 
above the region of the brittle-to-plastic transition is com¬ 
pletely explainable, because here the mechanisms of brittle 
rupture, which differ from those of plastic (viscous) rupture, 
can operate here. On the basis of the data obtained and taking 
account of the results presented in [1 - 3] it can be assumed 
that the brittle-to-plastic transition occurs closer to the tem¬ 
perature 1450°C for corundum ceramic and 1400°C for 
spinel and somewhat below 1400°C for periclase. 

On this basis, to detennine the temperature dependence 
of the time-to-rupture for corundum ceramic we took ac¬ 
count of the results corresponding to plastic rupture, i.e., re¬ 
laxation on micro defects (especially surface defects) had no 
appreciable effect on the measured deformation (i.e., the de¬ 
formation due to nonstationary creep is small). 

The data obtained are presented in Fig. 4. For samples 
of each type (K-15, K-35) the experimental points in the co¬ 
ordinates chosen fall satisfactorily on a family of parallel 
straight lines for a given stress. Thus, the time-to-rupture x r 
is a decreasing exponential function of temperature: 
x r = B exp \-Q/{RT)], where R is the gas constant and 
B = const. The activation energy Q calculated from the slope 
of the straight lines is the same for both types of ceramics 
and equals approximately 550 kJ/mol (close to the activation 
energy of creep 600 kJ/mol [2]). We note that the results ob¬ 
tained at temperatures 1400 - 1450°C and stresses close to 
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Fig. 5. Time-to-rupture x r versus the rate of steady creep s s for co- Fig. 6. Time-to-rupture x r versus the rate of steady creep s s for 

rundum samples: I) at temperatures 1400- 1450°C; II) main de- spinel samples: I) at temperature 1400°C; II) main dependence, 

pendence. 


the ultimate strength stand apart from this general depen¬ 
dence. 

Relation between the rupture characteristics and steady 
creep rate. The time and strain-to-rupture versus the steady 
creep rate were constructed for the experimental ceramics on 
the basis of the data. It was assumed that, just as found in ex¬ 
periments on creep, certain analogies existed in the behavior 
of polycrystalline ceramic and metallic materials [5, 6]. The 
results of the present work were analyzed taking account of 
the data in [2, 3]. 

The experimental data on the time-to-rupture versus the 
steady creep rate for the experimental ceramics are presented 
in Figs. 5-7. For convenience the results for periclase ce¬ 
ramic are also presented [3], The main feature of the plots 
draws our attention: for each of the experimental ceramics 
the results in the coordinates chosen fall on two straight lines 
differing in the slope angle. The bulk of the data represent an 
essentially linear function of log x r versus log s s irrespective 
of the testing conditions and the size of the sample crystals: 
the tangent of the slope angle n of the straight lines is close in 
magnitude to n = — 1. The linear relation between the loga¬ 
rithms of the quantities signifies a linear relation between the 
quantities themselves, which leads to the following very im¬ 
portant conclusion from the data obtained: taking account of 
the negative exponent (-1) it can be assumed that the product 
of the time-to-rupture and the steady creep rate of poly¬ 
crystalline oxide ceramic is a constant irrespective of the 
testing conditions (load and temperature) and the size of the 
sample crystals. 

The results for spinel and periclase at 1400°C and corun¬ 
dum at 1400 and 1450°C pertain to special groups: they fall 
on different straight lines. As found above, the deviation of 
the data from the main dependence is associated with the 


Eg x 10 3 , mm/(mm • h) 

0.1 1 10 



Fig. 7. Time-to-rupture x r versus the steady creep rate s s for peri¬ 
clase samples: I) at temperatures 1400°C; II) main dependence. 

presence in the ceramic of nonequilibrium defects quen- 
ched-in when the ceramic cooled from high firing tempera¬ 
tures. Annealing of these defects (and the associated defor¬ 
mation) in the case of ceramic occurs only at temperatures 
above the region of the brittle-to-plastic transition. On the 
basis of the data in Figs. 5-7 and taking account of the re¬ 
sults of [1] it can be assumed that the onset of this transition 
is observed at temperatures 1400- 1450°C for corundum, 
1400°C for spinel and somewhat higher than 1400°C for 
periclase. 

In accordance with existing ideas [6] the strain-to-rup- 
ture s r at constant load (i.e., during creep) in the general case 
can be represented as s r = s ns + Ss + Sacc where s ns is the 
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Fig. 8. Strain-to-rupture s r versus the steady creep rate s s for 
ceramic: a ) corundum; b) spinel; a) periclase. 

strain during the nonstationary period, s s during the station¬ 
ary period and s acc during the accelerated period. We have 
determined experimentally [1,2] that, as a rule, e acc = 0; very 
rare exceptions were found at high temperatures and under 
loads close to the ultimate strength of the material. For this 
reason, the relation s r = s ns + s s is usually used for polycrys¬ 
talline ceramic. The quantity s s builds up by the mechanism 
of diffusive-viscous flow, i.e., s s = s s x s , where s s is the rate 

and x s the time of the process; a large part of the total defor¬ 
mation occurs by this mechanism. 

The deformation during the nonstationary period is usu¬ 
ally small, and its role decreases with increasing temperature 
[1]. For constant testing conditions this deformation in¬ 
creases as a power-law function of time with exponent a: 
S ns = ns t ns' Since the rate of nonstationary creep is higher 
than that of stationary creep, some average kinetic relation 
can be represented as a power-law function of the strain-to- 
rupture in time: s r = s av x"' x c m , where m > 1. We note that 
the difference between m and 1 is determined by the contri¬ 
bution of the deformation during the nonstationary period to 
the total strain-to-rupture: the larger the difference, the 


higher this contribution is. Flence it follows that for m » I the 
strain-to-rupture is proportional to the time-to-rupture, and 
the coefficient of proportionality is the steady creep rate, i.e., 
in this case s r = s s x r . 

Judging from the data obtained (see Figs. 5 - 7), in the 
experimental interval of temperatures the deformation of co¬ 
rundum and periclase, whose lattices are quite simple (trigo¬ 
nal and cubic, respectively), proceeds by the mechanism of 
viscous flow (exponent m ~ -1). At the same time, the non¬ 
stationary creep associated with the annealing of nonequi¬ 
librium defects in a more complicated face-centered lattice 
makes an appreciable contribution to the deformation of 
spinel. For this reason the modulus of the exponent m is 
greater here and m - - 1.6. 

The dependence of the strain-to-rupture s r of the experi¬ 
mental materials on the steady creep rate s s in logarithmic 
coordinates is presented in Fig. 8. As one can see from the 
plots, the strain-to-rupture is practically independent of the 
steady creep rate, but the variance in the data is large. At the 
same time the relations (Fig. 8) show a tendency for the 
strain to decrease with increasing creep rate. This could be 
associated on the one hand with the individual behavior of 
each sample near the brittle-to-plastic transition and on the 
other hand with a too small size of the experimental samples. 
In any case, additional research is needed to determine the 
mechanisms of the behavior of polycrystalline ceramic on 
heating under a load. 

CONCLUSIONS 

The present work marks the conclusion (together with 
the publications [1 - 3]) in the general series of studies of the 
behavior of polycrystalline ceramic under a constant me¬ 
chanical load (i.e., under creep conditions) in the range of 
temperatures somewhat above the temperature of the brit- 
tle-to-plastic transition with the applied stresses close to the 
ultimate strength of the ceramic at the given temperature of 
the tests. 

It was determined that in the overwhelming majority of 
cases the samples rupture at the steady creep stage; acceler¬ 
ated creep was observed in singular cases and at stresses very 
close to the ultimate strength. Nonstationary creep, appar¬ 
ently associated with the relaxation on nonequilibrium de¬ 
fects, was observed at low temperatures near the elastic-plas¬ 
tic transition. In all probability, the brittle-to-plastic transi¬ 
tion in polycrystalline ceramic is smeared as a function of the 
temperature over at least 100- 150°C: according to the ap¬ 
plied stress its position depends on the temperature and size 
of the sample crystals. 

The creep and rupture of polycrystalline ceramic at tem¬ 
peratures above the range corresponding to the brittle-to- 
plastic transition occur by means of diffusive-viscous flow. 
For all experimental materials in this range the product of the 
time-to-rupture and the steady creep rate is a constant irre¬ 
spective of the testing conditions (temperature and load) and 
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the structure of the materials, so that e s x r = const. This shows 
that the deformation prior to rupture is also a constant. 

For applications the main result is that the rupture char¬ 
acteristics (x r , s r ) of a ceramic far from the region of its brit- 
tle-to-plastic behavior can be evaluated approximately ac¬ 
cording to the results of comparatively short-time experi¬ 
ments. In addition, there is no need for very prolonged and 
expensive tests for long-time strength. 
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